Many complex human diseases exhibit sex or age differences in gene expression. However, the presence and the extent of genotype-specific variations in gene regulation are largely unknown. Here, we report results of a comprehensive analysis of expression regulation of genetic variation related to 11 672 complex disease-associated SNPs as a function of sex and age in whole-blood-derived RNA from 5254 individuals. At false discovery rate <0.05, we identified 14 sex-and 10 age-interacting expression quantitative trait loci (eQTLs). We show that these eQTLs are also associated with many sex-or age-associated traits. These findings provide important context regarding the regulation of phenotypes by genotype -environment interaction.
INTRODUCTION
Most common complex diseases are a consequence of genetic factors and environmental exposures (1, 2) . Sex and age can be considered 'environmental' exposures that might interact with a subset of genetic variants in a manner similar to extrinsic environmental factors. Many human diseases display sex and age differences in prevalence, clinical features and prognosis (3) . For example, atherosclerotic cardiovascular disease is primarily a condition of middle aged and older adults and it has an earlier age of onset in men than in women. In contrast, many autoimmune diseases can begin in childhood or adolescence and are more prevalent in women than in men.
Several studies have explored genotype -phenotype associations and identified sex or age differences (4 -10) . For example, genetic variation at the LYPLAL1 locus was found to have a sex-interaction in relation to obesity traits (11) . A polymorphism in the angiotensin-converting enzyme (ACE) was found to be associated with hypertension and with diastolic blood pressure among men but not women (12) . Joubert et al. (9) identified two SNPs with age-dependent genetic effects on blood pressure. Fritsche et al. identified various loci associated with age-related macular degeneration (AMD) (13) . However, the mechanisms by which genetic variants affect gene expression are largely unknown. One approach for discovering genotype -phenotype interactions in the context of gene regulation is to study gene expression as a quantitative phenotype and identify genetic variation that is associated with gene expression levels (14) . Interrogating quantitative trait locus (QTL) mapping with gene expression profiling allows for the identification of expression quantitative trait loci (eQTLs) among GWAS results (15) . An eQTL can be classified as cis-or trans-acting, based on local or distant regulation of gene expression, respectively. Among genes that display sex-specific or age-related changes in expression, a subset may exhibit genotype interaction with sex or age. While some sex-specific (16, 17) and numerous age-related expression changes (18) (19) (20) (21) have been identified, few studies have yet considered sex-and age-interactions in eQTL analysis (22, 23) .
In this paper, we explored the effect of genotype-by-sex and genotype-by-age interaction for human complex disease traits based on whole blood gene expression. To this end, we examined 11 672 trait-associated SNPs from the National Human Genome Research Institute (NHGRI) GWAS catalogue (24) and the dbGaP database (25) in relation to gene expression in 5254 participants in the Framingham Heart Study (FHS).The large sample sizes allowed to formally test for the interaction of eQTL genotypes with sex and age and their association with gene expression. Many of the eQTLs that we identified have been implicated in GWAS of sex-and age-related diseases.
RESULTS

SNPs associated with gene expression as a function of sex or age
Whole blood samples from 5254 FHS participants (2833 women, 2421 men, age range 24 -92, mean 55 years) were analysed for expression levels of 17 873 genes. Individual transcript intensities were corrected for experimental variation and normalized as described in the Methods section. The expression values of the 17 873 transcripts were treated as quantitative traits and fitted to linear regression models to compute interaction eQTLs. Among the 11 672 eligible trait-associated SNPs, we identified 14 eQTLs (13 autosomal cis-eQTLs, 1 longrange cis-eQTL on the X chromosome) with significant sex interactions (Table 1 ) and 10 eQTLs with significant age interactions (all cis; Table 2 ) at false discovery rate (FDR) ,0.05 (permutation FDR ,0.02). No allele frequency differences were found among sex-interaction eQTLs.
Genotype -sex interaction results display different effect models
After identifying genotype -sex interactions (i.e. genetic variation that is associated with different expression levels in men and women), the cohort was stratified by sex and eQTLs were considered in sex-specific analysis (with adjustment for age). We identified four eQTLs (at FDR ,0.05 for the interaction test and P , 0.05 in either sex) conforming to Model A: a genetic variant has the same direction of effect but differences in the magnitude of effect in both sexes; one eQTL conforming to Model B: genotypic effects are present only in one sex; and nine eQTLs conforming to Model C: genotypic effects are present in both sexes but with opposite directions of effect (see Supplementary Material, Methods and Fig. 1 for details).
Model A results
As shown in Figure 2A , for rs9302752, genotype is associated with NOD2 gene expression in both men and women, but there is a greater effect on expression in women than in men (interaction P ¼ 9.03 × 10 213 ). Zhang et al. (26) found that each copy of the G allele of rs9302752 (near NOD2) conferred 1.6-fold higher odds of leprosy among exposed individuals. They also suggested that the association of leprosy with rs9302752 reflects the effects of regulatory variants on NOD2 expression. Our results are not only consistent with this assumption about regulation of NOD2, but in addition, we found that the AA genotype of rs9302752 confers a higher expression of NOD2 in men than in women (t-test, P ¼ 6.0 × 10
26
), while for the GG genotype, NOD2 expression is higher in women than in men (t-test P ¼ 0.0075). Leprosy is more prevalent in men than women (27) . A recent study found that the expression of NOD2 correlated with the clinical presentation of leprosy and was greater in patients with limited than progressive disease (28) .
Model B results rs8047080 (and other nearby SNPs) has been reported to be associated with high-density lipoprotein (HDL) cholesterol (29) . We found that the association of this SNP with the expression of TSNAXIP1 is male specific. As shown in Figure 2B , each copy of the G allele of rs8047080is associated with an increased expression of TSNAXIP1 in men (P ¼ 7.03 × 10 205 ), but not in women (P ¼ 0.1).This gene is mainly expressed in the testis, but the function of TSNAXIP1 and the mechanism of its association with HDL are unknown.
Model C results rs6867983 in C5orf35 has been shown to be associated with plasma triglyceride levels (30) . We found that this SNP has opposite effects on the expression of IL6ST in men and women. As shown in Figure 2C , each copy of the T allele is associated with an increased expression of IL6ST in women (P ¼ 0.0006), but decreased expression in men (P ¼ 0.05). IL6ST is a ubiquitously expressed intermediate of the interleukin-6 signalling pathway and is associated with metabolic syndrome and breast cancer (31, 32) . We also found that the expression of IL6ST is higher in women than in men (t-test P ¼ 1.07 × 10
249
). Another SNP, rs5991441on the X chromosome, has been shown to be associated lipids (33) . We found that this SNP and other nearby SNPs [rs5991573 is associated with blood pressure (34) , and rs5991545 is associated with diabetes mellitus (35) ] have opposite effects on the expression of CXorf23 in men and women. As shown in Figure 2D , each copy of the T allele of rs5991441 is associated with an increased expression of CXorf23 in women (P ¼ 3.26 × 10
25
), but decreased expression in men (P ¼ 3.67 × 10
). Notably, because CXorf23 is on the X chromosome and 20 megabases away from rs5991545, this eQTL can be defined as long-range cis-regulating (36).
Genotype -age interactions reflecting genotype effects on human ageing
For age-related eQTLs, different genetic variants showed different effects on gene expression throughout the age span. We found many age-related traits with genotype-age interaction in association with the expression of SLC44A4. rs659445, an intronic-variant of EHMT2, is associated with macular degeneration (25) . As shown in Figure 3A , each copy of the C allele of this SNP not only increases the expression of SLC44A4 (P , 2.2 × 10 216 ), but also alters its age-dependency (P ¼ 3.41 × 10 208 for the CC genotype, P ¼ 0.2 for the TT genotype). Another SNP rs494620 causes a synonymous change in SLC44A4; this SNP is associated with age of menopause (37) . As shown in Figure 3B , each copy of the A allele of this eQTL not only decreases the expression of SLC44A4 (P , 2.2 × ), but also alters its age-dependent expression (P ¼ 2.9 × 10 207 for the GG genotype, P ¼ 0.6 for the AA genotype). Nearby SNPs rs486416 [associated with multiple sclerosis (38) ] and rs2736428 [associated with leucocyte telomere length (39) ] also show strong age interaction. Upon observing that alleles of rs659445 and rs494620 (R 2 , 0.5) have opposite effects on the expression of SLC44A4, we then tested for SNP × SNP interaction. As shown in Figure 4 , these two SNPs display significant interaction (P ¼ 4.16 × 10
26
). A haplotype with the rs659445 C and rs494620 G alleles has a higher expression of SLC44A4. Of note, an association between the age of menopause with AMD was recently reported (40) . To explore the relation between SLC44A4 expression and age, we tested SNP × age interaction for each exon probesets of SLC44A4. We found strong SNP × age interactions for three exons of SLC44A4 (Affymetrix probesets 2949503, 2949504 and 2949505; chr6:31941714-31944981, hg19). These SLC44A4 exon-specific eQTLs are associated with many age-related traits (Supplementary Material, Table S1 ). These findings may be due to alternative splicing of SLC44A4 (see section 'Discussion' for details).
Sex and age-interaction genes show sex-specific or age-related expression Of 17 873 gene level transcripts, we identified 5866 genes that are differentially expressed in men versus women (including 236 on the X chromosome and 15 on the Y chromosome), and 6034 genes (including 198 on the X chromosome and 14 on the Y chromosome) that are differentially expressed as a function of age (at FDR ,0.05). For SNPs associated with complex traits, we found seven out of 14 eQTL-gene pairs that were differentially expressed in men and women (Table 1 , last column). For the other eQTL-gene pairs that were not differentially expressed, one reason is that the genotypes may have opposite sex effects on expression (e.g. NOD2). A higher proportion of age-related eQTLs also show differential expression with age (6 out of 10 eQTLs, Table 2 ).
Internal and external validation
To perform internal validation, we split the samples by pedigrees into independent discovery (3507 samples) and replication sets (1694 samples). Using linear regression at a P-value threshold ,0.05, we found a high concordance between discovery and replication. From the 14 identified eQTLs with interaction, 2 (one sex interaction and one age interaction) were significant in discovery, but not in replication (Supplementary Material, Table S2 ). In addition, all 14 eQTLs displayed directionally consistent associations in the discovery and internal validation sets. Notably, the probability by chance of obtaining P-values ,0.05 in both the discovery and replication sets is 0.05 × 0.05, which was less than the Bonferroni FDR threshold (0.05/14 for sexinteraction eQTLs and 0.05/10 for age-interaction eQTLs). A total of 899 samples [mean age 37 (standard deviation 16.6) years; 50% females] from the Estonian Gene Expression Cohort (41) were used for external validation. After probeset matching and quality control, eight sex-interaction eQTLs and six age-interaction eQTLs had both genotype and gene expression data available in the Estonian samples. Using linear regression at a P-value threshold ,0.05, we replicated two sex-interactions (rs9302752 associated with leprosy and rs599634 associated with BMI) and three age-interaction (rs10782001 with psoriasis, rs2182114 with HDL cholesterol and rs659445 of macular degeneration) eQTLs (Supplementary Material, Table S3 ). Failure to replicate the other eQTLs may be due to the small sample size and much younger age of validation samples. For example, rs10503734, rs12145451 and rs9270986 are significant sex-interaction eQTLs (model 1) in our data. Although the differences in effect sizes (betas) between men and women for these eQTLs are similar in our data and the Estonian data, these SNPs did not demonstrate statistically significant interaction with sex in the Estonian data. Seven of eight sex-interaction eQTLs and five of six age-interaction eQTLs that were present in the FHS and Estonian result had the same directions of effect.
DISCUSSION
We identified eQTLs that are associated with altered gene expression as a function of sex and age. These findings required formal testing of interaction and could not be identified Figure 1 . Models of genotype-sex interactions effects on gene expression that differ between men and women. For gene expression (y-axis), the genetic variant has the same direction of effect but differences are present in the magnitude of effect in both sexes (A); present only in one sex (B) or present in both sexes but with opposite directions of effect (C). M represents men, W represents women. otherwise. These interactions may account for part of the phenotypic differences between men and women or as a function of age. Numerous instances of sex differences in genetic associations have been reported in autoimmune diseases and metabolic traits. Travis et al. (42) found that rs1270942 and rs3131379 demonstrate significant sex interaction in systemic lupus erythematosus. We also found evidence that these two SNPs are sexinteraction eQTLs (P ¼ 0.042 for rs1270942, P ¼ 0.046 for rs3131379, see Table 3 for details). Other examples of sexinteraction eQTLs include rs2605100 at the LYPLAL1 locus, which was previously reported (11) to show sex interaction in relation to obesity traits, and SNPs (rs4343 and rs4329) at the ACE locus previously reported (12) sex interaction in relation to blood pressure. We also found evidence of two sex-interaction eQTLs (rs10401969 and rs17750998) in the loci that were previously reported to show heterogeneity for lipid traits between men and women (43) . In addition, among the previously reported genetic variants associated with AMD (13), we found two loci (rs2230199 and rs4420638) that showed evidence of age-interaction eQTLs.
SLC44A4 is a choline transporter-like protein that is expressed in prostate, pancreatic and other cancers (44) . SNPs in the SLC44A4 region have been found to be associated with type 1 diabetes mellitus (25) , vitiligo (45) , age at menopause (37), leucocyte telomere length (39) and multiple sclerosis (46) . But the association between the expression of SLC44A4 and human ageing has not been reported previously. Three transcript variants encoding different isoforms have been found for this gene. We found that the expression of three exon probesets in two exons (Affymetrix exon cluster 395 343 and 395 344) was strongly affected by SNP × age interactions (Supplementary Material, Table S1 ). In addition, these two exons are located in the alternative splicing region of SLC44A4 containing rs11966200 (chr6:31944795-31945295, hg19), which is associated with vitiligo (Fig. 5) . We hypothesize that alternative splicing of SLC44A4 is associated with advancing age and is affected by genotypes of nearby SNPs. The X chromosome was thought to be responsible for sexspecific immune responses (47) . We found only one long-range cis-eQTL on the X chromosome. The relation between CXorf23 (regulated by genotypes of rs5991441) and metabolic traits deserves future experimental confirmation. The lack of significant trans-eQTLs between SNPs on the X chromosome and autosomal genes suggests that regulation between the X chromosome and autosomal genes could be epigenetic (48) . Ten per cent of all microRNAs are on X chromosome (49) . In addition, recent studies have demonstrated that genes on the sex chromosomes can regulate sex differences in somatic gene expression even without hormonal differences. For example, SRY regulates autosomal gene expression by binding directly to DNA (50) . Dosage differences of X-linked genes can induce phenotypic sex differences that are likely to be mediated by autosomal genes (51) .
Recent studies by Dimas et al. (23) and Kentet al. (22) formally tested genotype × sex (or genotype × age) interaction in 379 lymphoblastoid cell lines and 1240 peripheral mononuclear cell samples, respectively. We were unable to replicate their findings of sex interaction of rs167769 and rs2872507 or age interaction for UBQLNL. One possible reason is that eQTLs may be tissue specific (52) . Another reason is that detecting interactions may require almost a 10-fold increase in sample size compared with sample sizes needed to study main effects (53, 54) . Luan et al. (55) calculated the power to detect gene -environment interaction and suggested that .2000 observations are needed to detect a moderate interaction (interaction effect size ¼ 0.25 and main effect beta ¼ 0.5 for the common allele), at an allele frequency of 5%. With a sample size of over 5000 people, our data reveal the existence of sex and age interactions of eQTL genotypes with gene expression. We limited our analysis to 11 672 disease-related SNPs from GWAS. Genome-wide analysis of sex and age eQTL interactions may identify stronger effect sizes of genotypes on expression. Our analysis was also restricted to common variants identified in GWAS of complex traits, which are typically affected by multiple genes and environmental factors. It is possible that analysis of rare variants with large effects on disease may show stronger interaction effects of age and sex.
In conclusion, we report results of a comprehensive analysis of genotype × sex and genotype × age interactions on gene expression in a large study of 5254 individuals. We identified age or sex interactions for a number of eQTLs that were previously reported to be associated with complex diseases. These interacting SNPs may alter gene expression and influence disease susceptibility or progression in population subgroups. The lack of sex interaction between SNPs on the X chromosome with the expression of autosomal genes is unexpected, suggesting that the effect of sex-specific distant genetic regulation may be weak and epigenetic regulation may play an important role. Given the large number of human diseases that exhibits sex and age differences in onset, prevalence or natural history, this study may provide new insight into the genomic basis of human disease. 
MATERIALS AND METHODS
Study sample
The FHS has three generations (cohorts) of participants including an initial cohort of participants (original cohort), their offspring and offspring spouses (offspring cohort) and adult grandchildren (third generation cohort) of the original cohort participants. The three cohorts were recruited and examined beginning in 1948, 1971 and 2002, respectively (56) . Collection of blood samples and RNA preparation were described in previous study (57) . A total of 5254 participants from the offspring and third generation cohorts had both genome-wide genotyping and gene expression profiling and were included in this study.
Trait-associated and X chromosome SNPs
The NHGRI GWAS catalogue (24) and dbGaP database (25) (accessed 13 Jan 2013) were queried for GWAS SNPs that overlapped with SNPs genotyped or imputed in the FHS. The NHGRI GWAS catalogue used published GWAS studies with at least 100 000 SNPs in the initial stage. The dbGaP archives and distributes the results of studies that have investigated the interaction of the genotype and phenotype, whether published or not. From these two databases, we derived a total of 30 493 SNP-trait associations with 20 565 SNPs and 6856 traits. There were 11 672 trait-associated SNPs at P-values ,1.0 × 10 25 (383 on the X chromosome). Genotyping and quality control methods were described in a previous study (7) . These SNPs were tested for eQTLs status and for interaction with age and sex in 5254 FHS participants.
Gene expression
Gene expression in whole blood from FHS participants was assessed with the Affymetrix GeneChip Human Exon 1.0 ST Array, which contains .5.5 million probes to monitor the expression of 287 000 exons and 18 000 genes. Our analysis focused on a core annotation set of 17 873 genes (17 195 autosomal, 652 on chromosome X and 26 on chromosome Y). Sexchromosome mapped genes were defined based on Affymetrix gene annotations. All data from the gene expression experiment were normalized using the RMA (robust multi-array average) package to remove any technical or spurious background variation. Linear regression was used to adjust for technical covariates (batches, positive and negative control probes etc.). The first principle component was included in the regression model to adjust for population stratification (58) . The complete blood cell count was included in the regression model to adjust cell proportion.
Statistical analysis of eQTLs
Association analysis was conducted using the MatrixeQTL (59) and kinship package (http://cran.r-project.org/web/packages/ coxme.60) in R. Testing for association of SNPs with gene expression was conducted using a linear model with interaction terms. SNPs mapping within 1 Mb upstream and downstream of the transcription start site of genes were defined as cis-eQTLs. Considering gene expression, denoted by y, the linear model that relates variation in y to SNPs and other covariates is given by the general formula:
where b 1 , b 2 and b 3 are the regression coefficients of the SNP (additive model), sex, and age parameters, respectively. b 4 and b 5 are the regression coefficients of sex-and age-interaction parameters, respectively. We included the correlation matrix f f of kinship package to account for familial correlation.
The Benjamini-Hochberg FDR (60) was applied to account for multiple testing. For multiple SNPs in strong LD [linkage disequilibrium R 2 . 0.8 (61)], we used the SNP with the most significant interaction P-value to represent the SNP cluster. In addition, we also conducted permutation testing. For each significant sex-or age-interaction eQTL (no LD filter), we permutated the sex or age findings for the samples 1000 times and re-ran the interaction test. The permutation FDR was calculated from the proportion of permutation P-values that were less than original P-values. For eQTLs with significant interactions with sex (FDR ,0.05), we then tested association of SNPs with gene expression in each gender separately. For each significant sex interaction, the genotypic effects were grouped into one of three models: Model A: a genetic variation has the same direction of effect but differences are present in the magnitude of effect in both sexes; Model B: genotypic effects are present only in one sex; Model C: genotypic effects are present in both sexes but with opposite directions of effect (Fig. 1) .To evaluate sampling effect, we further test the allele frequency difference between man and woman for each eQTLs by the Chi-squared test.
For eQTLs with significant interactions with age, we tested association of gene expression with age in each genotype separately.
Differential gene expression analysis without respect to genotypes
The relations between gene expression and sex or age were tested using a linear regression model with the gene expression level as the dependent variable, sex or age as an explanatory variable. Separate regression models were fitted for each of the full set of 17 873 genes: y = m + b 1 (Sex) + b 2 (Age) + e f + e i , where b 1 , and b 2 are the regression coefficients for sex, and age parameters, respectively, and f f is the correlation matrix from the kinship package to account for familial correlation.
The FDR ,0.05 threshold was used to determine whether a gene was differentially expressed with sex or age.
Internal and external validation
Internal validation was performed by splitting FHS samples into independent discovery and replication sets according to pedigree. There were 3507 discovery samples (1889 women, 1618 men, age range 24-92, mean 54.9 years) and 1694 replication samples (922 women, 772 men, age range 24-90, mean 55.1 years) with no overlapping families in the discovery and replication sets. For significant sex-or age-interaction eQTLs, we tested for significance in both the discovery and replication sets.
Eight hundred and ninety-nine unrelated samples (50% females; age range 18-87, mean age 37 years) from the Estonian gene expression cohort (41) were used for external validation. The sample represents a random population-based cohort from the Estonian Genome Centre, University of Tartu (EGCUT) biobank. Genotyping was performed using Illumina Human 370 CNV array (Illumina, Inc., San Diego, USA). Wholegenome gene-expression levels were obtained using the Illumina Human HT12v3 array (Illumina, Inc., San Diego, USA) (see Supplementary Material, Methods for details of genotype imputation and gene expression normalization).
